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The neuropeptides gonadotropin-releasing hormone (GnRH) and kisspeptin (KiSS), and
their receptors gonadotropin-releasing hormone receptor (GnRHR) and kisspeptin receptor
(KiSSR) play key roles in vertebrate reproduction. Multiple paralogous isoforms of these
geneshavebeenidentiﬁedinvariousvertebratespecies.Tworoundsofgenomeduplication
inearlyvertebrateslikelycontributedtothegenerationoftheseparalogousgenes.Genome
synteny and phylogenetic analyses in a variety of vertebrate species have provided insights
into the evolutionary origin of and relationship between paralogous genes.The paralogous
forms of these neuropeptides and their receptors have coevolved to retain high selectivity
oftheligand–receptorinteraction.Theseparalogousformshavebecomesubfunctionalized,
neofunctionalized, or dysfunctionalized during evolution.This article reviews the evolution-
ary mechanism of GnRH/GnRHR and KiSS/KiSSR, and the fate of the duplicated paralogs
in vertebrates.
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INTRODUCTION
Neuropeptides serve as messenger molecules to regulate a variety
of physiologicalfunctionsinthenervousandneuroendocrinesys-
tems of vertebrates (Hoyle,1999). In humans,more than 70 genes
have been identiﬁed to encode approximately 100 short mature
peptides that function either at the brain or periphery. Most neu-
ropeptidegenescanbecategorizedintosmallfamiliesconsistingof
onetofourmembersthatoriginatefromacommonancestralgene.
Thesefamilieshavediversiﬁedthroughevolutionarymechanisms,
likegene/chromosomeduplication,followedbygenemodiﬁcation
andgeneloss(ConlonandLarhammar,2005;Leeetal.,2009;Kim
et al.,2011). Receptors for neuropeptides are generally G protein-
coupled receptors (GPCRs) which transmit signals from the cell
membrane to the intracellular space through activation of het-
erotrimeric G proteins (Oh et al., 2006). Similar to neuropeptide
ligands, receptors have also diverged evolutionarily to maintain
high selectivity for their cognate ligands (Fredriksson et al., 2003;
Acharjee et al., 2004; Li et al.,2005; Cho et al., 2007).
Gonadotropin-releasing hormone-1 (GnRH1, also known
as mammalian GnRH) and its mammalian type-I receptor
(GnRHRm1) are an essential neuropeptide/receptor pair for sex-
ualdevelopmentandreproductivefunctioninvertebrates(Schally
et al., 1971; Millar et al., 2004). GnRH1 is synthesized in the
Abbreviations:APVN,anteroventralperiventricularnucleus;ARC,arcuatenucleus;
ECL, extracellular loop; GnRH, gonadotropin-releasing hormone; GnRHR,
gonadotropin-releasing hormone receptor; GPCR, G protein-coupled receptor;
HPG,hypothalamic-pituitary–gonadal;KiSS,kisspeptin;KiSSR,kisspeptinreceptor.
hypothalamusandreleasedintothehypophysealportalcirculation
in a pulsatile manner. In the pituitary, binding of GnRH1 to
GnRHRm1 regulates secretion of the gonadotropins, luteiniz-
ing hormone, and follicle-stimulating hormone. The secreted
gonadotropins then stimulate gametogenesis and steroidogenesis
in the gonad. Steroid hormones secreted from the gonad exert
either negative or positive feedback action on the hypothala-
mus and pituitary to control GnRH1 and gonadotropin secretion,
hence establishing the hypothalamic-pituitary–gonadal (HPG)
axistocontrolthereproductivefunctioninmammals(Hrabovszky
et al., 2007; Ohkura et al., 2009). In addition, identiﬁcation and
characterization of kisspeptin, a product of the KiSS1 gene and
its receptor gene KiSS1R (or GPR54) indicates that the pair plays
a key role in initiating puberty as well as steroid hormone feed-
back (de Roux et al., 2003; Seminara et al., 2003; d’Anglemont de
Tassigny et al., 2007). In mammals, kisspeptin binding to KiSS1R
induces GnRH1 secretion from GnRH1 neurons (Messager et al.,
2005). Neurons expressing KiSS1 in the anteroventral periventric-
ular nucleus (APVN) and arcuate nucleus (ARC) are the main
targets for estrogens to exert either positive or negative feedback
on GnRH1 secretion (Oakley et al., 2009; Ohkura et al., 2009).
Thus, the KiSS1/KiSS1R pair functions as a molecular gatekeeper
of the HPG axis for sexual maturation and reproductive function
in mammals.
To date, multiple isoforms of KiSS1 and GnRH1 have been
identiﬁed in a variety of vertebrates (Um et al., 2010; Kim
et al., 2011). For instance, three KiSS isoforms (KiSS1, KiSS1b,
and KiSS2)h a v eb e e ni d e n t i ﬁ e di nXenopus tropicalis, and three
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gonadotropin-releasing hormone (GnRH) isoforms (GnRH1,
GnRH2, and GnRH3) exist in many ﬁsh species. Multiple iso-
forms for the respective receptors, kisspeptin receptor (KiSSR)
and gonadotropin-releasing hormone receptor (GnRHR), have
also been identiﬁed (Lee et al., 2009; Kim et al., 2011). During
evolution, the function of paralogs can diversify. Although the
GnRH/kisspeptin system has been well characterized in rodents,
which only have one KiSS1 and one GnRH1 ligand–receptor pair,
the function of the paralogous genes in other vertebrates remains
poorly understood. In addition, some non-mammalian verte-
brate species do not have orthologous genes for KiSS1/KiSS1R
or GnRH1/GnRHRm1, suggesting that a paralogous set of the
genes may substitute for the function of the absent genes. In avian
species, the KiSS/KiSSR system is completely absent, indicating
that KiSS signaling is not required in birds. During evolution, the
KiSS/KiSSR and GnRH/GnRHR genes have been duplicated,gen-
erating at least three paralogs whose functions have diverged to
some extent. These features make the KiSS and GnRH systems
excellent models to understand molecular evolution of peptide
ligand and receptor pairs. This article reviews the evolution of
the GnRH and KiSS ligand–receptor pairs and the fate of their
duplicated paralogous genes in vertebrates.
TWO ROUNDS OF GENOME DUPLICATION PRODUCED
MULTIPLE ISOFORMS OF NEUROPEPTIDES AND THEIR
RECEPTORS
Thefactthatneuropeptidesandreceptorsgroupintosmallfamilies
canbeaccountedforbytworoundsoflarge-scalegenomeduplica-
tioninanearlyvertebrateancestorthatresultedinuptofourcopies
of each gene (Ohno, 1970; Larhammar et al., 2002). Further, after
the divergence of ﬁsh and land vertebrates, a teleost ﬁsh-speciﬁc
third round of genome duplication is believed to have produced
eightcopiesof agenefamily(Larssonetal.,2008).Genomedupli-
cationeventsoftenproduceparalogouschromosomalregions,also
called paralogons (Lundin, 1993). Analysis of gene arrangement
within paralogons allows the relationships among and origins of
each gene family to be traced (Um et al.,2010).
DUPLICATIONS OF THE KiSS- AND KiSSR-CONTAINING GENOMES
As X.tropicalis hasthreeformsof KiSS genes,itispresumablethat
themultiplegenesweregeneratedbyatleasttworoundsofgenome
duplication during early vertebrate evolution (Lee et al., 2009;
Um et al., 2010). Genome synteny analysis comparing vertebrate
KiSS-containing genome fragments with human chromosomes
allowed identiﬁcation of four genome fragments that share sev-
eral paralogous genes. These include TEAD1/2/4, K/N/R/HRAS,
KCNJ7/8/9/11, CACNA1A/C/S, SOX5/6/13, PLEKHA4/5/6/7, and
PIK3C2A/B/G (Figure 1). This observation suggests that these
paralogous genes are likely members of four early paralogons,
containing KiSS1,KiSS2,KiSS1b,or the fourth form of KiSS. Dur-
ing millions of years of evolution, many paralogous genes have
been rearranged within paralogons, translocated to other chro-
mosomes, or lost (Figure 1). The absence of the fourth KiSS
gene, despite the presence of the fourth paralogon in vertebrates,
suggests that the fourth KiSS gene was lost before or just after
the divergence of teleosts and tetrapods. The presence of the
KiSS1b gene only in X. tropicalis indicates that the KiSS1b gene
has been dysfunctionalized in a wide variety of vertebrates. No
teleost-speciﬁcKiSS duplicationhasbeenobservedinﬁshspecies.
Comparison of KiSSR-containing genomes in X. tropicalis
with other vertebrate species also supports tetraploidization of
KiSSR-containing paralogons sharing paralogous genes including
NOTCH1/2/3/4,PTPRD/K/S/U,STXBP1/2/3,ARID1A/1B/3A/3C,
PALM1/2/D, PTBP1/2/ROD1, and ABCA1/4/7 (unpublished
data). The teleost-speciﬁc duplication of a KiSSR-containing
genome has not been identiﬁed. Similar to the KiSS gene, the
fourth KiSSR gene is absent in all vertebrates and KiSS1bR is
present in only X. tropicalis.
As a result of these genome duplications,vertebrates have vari-
ous numbers of KiSS/KiSSR pairs in a single species (Figure2). In
the ﬁsh species, zebraﬁsh and medaka contain two KiSS1/KiSS1R
and KiSS2/KiSS2R pairs, whereas torafugu, green puffer ﬁsh, and
stickleback have only one KiSS2/KiSS2R pair. In the tetrapod
lineage, X. tropicalis preserves all currently identiﬁed paralo-
gous isoforms of the KiSS/KiSSR pair and thus has three KiSSs
(KiSS1, KiSS1b, and KiSS2) and three KiSSRs (KiSS1R, KiSS1bR,
and KiSS2R). On the other hand, the anole lizard has only the
KiSS2/KiSS2R pair. Interestingly,in the avian phylum,the chicken
and zebra ﬁnch do not possess any form of KiSS and KiSSR.
Althoughmostmammals,includinghumansandrodents,contain
only KiSS1 and KiSS1R, the platypus, a monotreme species, has
KiSS1/KiSS1R and KiSS2/KiSS2R. In all species examined for this
article, the KiSS isoform and cognate receptor isoform coexisted
(Figure 2).
DUPLICATIONS OF GnRH- AND GnRHR-CONTAINING GENOMES
Tetraploidization of GnRH- and GnRHR-containing genomes
was recently demonstrated (Kim et al., 2011). Synteny studies
of GnRH-containing genomes in tetrapods revealed the pres-
ence of four paralogons that contain EBF1/2/3/4, PPP2R2B/D,
ADAM12/19, DOCK1/2/5, FAM196A/B, NKX2-3/5/6, STC1/2,
CPXM1/2, and PTPRA/E. These studies revealed that the fourth
GnRH gene likely disappeared before the divergence of teleosts
and tetrapods, and that GnRH3 was lost in the tetrapod lineage
after the divergence of teleosts and tetrapods (Kim et al., 2011).
Evolution of the GnRHR gene is more complicated than
that of GnRH due to teleost-speciﬁc duplications of GnRHR-
containing genomes and the inability to resolve the origin
of mammalian type-I GnRHR (GnRHRm1). Genome synteny
and phylogenetic analyses suggest the presence of four GnRHR
paralogs: non-mammalian type-I (GnRHRn1), non-mammalian
type-II (GnRHRn2), non-mammalian type-III/mammalian type-
II(GnRHRn3/m2),andmammaliantype-I(GnRHRm1;Kimetal.,
2011). GnRHRn1 and GnRHRn2 were likely generated by a local
duplicationbeforethedivergenceoftetrapodsandﬁsh.GnRHRm1
was only identiﬁed in mammals and its evolutionary origin and
relationship with other GnRHR types is unclear due to a lack
of synteny between mammalian genomes containing GnRHRm1
and genomes of any non-mammalian species. In ﬁsh, a third
round of genome duplication produced a copy of GnRHRn1 and
GnRHRn3 (GnRHRn1b and GnRHRn3b, respectively; Kim et al.,
2011).
In the ﬁve ﬁsh species for which genome information is
available in ENSEMBL, two or three GnRH isoforms have been
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FIGURE1|P r oposed evolutionary history of KiSS-containing paralogons.Two rounds of genome duplication generated four copies of ancestral paralogons
containing the KiSS gene.The KiSS gene in the fourth paralogon likely disappeared before teleost and tetrapod divergence. During vertebrate evolution, some
genes, including KiSS, were lost. Genes localized to different genome fragments or chromosomes are indicated by breaks (//) on the line.
identiﬁed. Zebraﬁsh has two GnRH genes (GnRH2 and GnRH3),
whereas other ﬁsh, medaka, stickleback, green puffer ﬁsh, and
torafugu have all three forms of GnRH (GnRH1, GnRH2, and
GnRH3; Figure 2). The literature indicates that salmon species
lack GnRH1, while catﬁsh and eel lack GnRH3 (Kah et al., 2007;
OkuboandNagahama,2008).Inthetetrapodlineage,mostspecies
exceptforrodentshavetwoformsofGnRH (GnRH1andGnRH2).
Due to insufﬁcient genetic information investigators were unable
to identify the GnRH2 gene in the anole lizard, but believe the
gene exists in this species because other reptilian species such as
the gecko has two forms of the GnRH gene (Ikemoto and Park,
2003,2007).FishhavefourorﬁveGnRHRs andoneortwoofthem
are generated by teleost-speciﬁc genome duplication (Kim et al.,
2011). Thus,in addition to GnRHRn1,GnRHRn2,and GnRHRn3,
torafugu, green puffer ﬁsh, and stickleback have two additional
isoforms(GnRHRn1b andGnRHRn3b)andmedakaandzebraﬁsh
eachpossessoneadditionalisoform(GnRHRn1b andGnRHRn3b,
respectively). Amphibians and reptiles likely have three forms of
GnRHR (GnRHRn1, GnRHRn2, and GnRHRn3) and avians have
two forms of GnRHR (GnRHRn1 and GnRHRn2). In mammals,
platypus and monkeys have two GnRHR forms (GnRHRm1 and
GnRHRm2), whereas rodents and humans have only one form
(GnRHRm1; Figure 2).
MOLECULAR COEVOLUTION OF NEUROPEPTIDES AND
COGNATE RECEPTORS TO MAINTAIN HIGH AFFINITY
LIGAND–RECEPTOR INTERACTION
Although the amino acid sequences of vertebrate neuropeptides
and the cognate receptors have diverged from an ancestral system
during evolution, core conserved sequences have been retained,
allowingforthemaintenanceofacorestructurethatisrequiredfor
ligand–receptorinteractionandreceptorconformation(Fredriks-
son et al., 2003; Acharjee et al., 2004; Li et al., 2005; Cho et al.,
2007). For instance, sequence alignment of peptides across ver-
tebrate species revealed that core sequences responsible for high
afﬁnity binding to the cognate receptor have largely been con-
served throughout evolution (Cho et al., 2007). Domains critical
for ligand interaction and conformation of the receptor are also
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FIGURE 2 |Varied number of KiSS (K), KiSSR (KR), GnRH (G), and GnRHR (GR) genes across vertebrate species. Orthologous genes were categorized in
our recent article (Kim et al., 2011) and are presented with the same colors. For teleost ﬁsh, the GnRHR genes produced by teleost-speciﬁc genome duplication
are shown.
wellconservedacrossvertebratespecies,indicatinghighevolution-
ary selective pressure to maintain high afﬁnity binding to cognate
ligands (Wang et al., 2001; Acharjee et al., 2004; Li et al., 2005).
Sequence divergence within neuropeptide and receptor fami-
lies may explain how each paralogous isoform achieved distinct
ligand–receptor selectivity.Amino acid changes in a neuropeptide
isoformareusuallyaccompaniedbyachangeinthecorresponding
motif(s) of the cognate receptor (Acharjee et al., 2004; Cho et al.,
2007; Moon et al., 2012).
LIGAND–RECEPTOR SELECTIVITY IN THE KiSS–KiSSR SYSTEM
The KiSS1 peptide sequences differ between non-mammalian
species and rodents and humans. Human KiSS1 encodes a
145-amino acid precursor that is enzymatically cleaved into
54-, 14-, 13-, or 10-amino acid peptides sharing a common C-
terminalsequencewithamidationonphenylalanine(Kotanietal.,
2001; Muir et al., 2001; Ohtaki et al., 2001). The KiSS1 pep-
tides in rat and mouse also have a highly conserved C-terminal
decapeptide sequence that is amidated on tyrosine. In fact, this
C-terminal decapeptide (kisspeptin-10, metastin 45–54) is the
minimal sequence required for receptor activation (Kotani et al.,
2001; Muir et al., 2001; Ohtaki et al., 2001). The KiSS1 decapep-
tide sequences from non-mammalian vertebrates vary at position
3 (Leu for ﬁsh species, Val for X. tropicalis KiSS1b, and Trp for
other species,including KiSS1a from X. tropicalis and KiSS1 from
most mammals; Lee et al., 2009). Interestingly, ﬁsh KiSS1 and X.
tropicalis KiSS1bprecursorshaveaconserveddibasicsitefollowed
by a conserved Gln ﬁve amino acids upstream of the decapeptide,
leading to prediction of 15-amino acid peptide with N-terminal
pyroglutamylation.Thesepentadecapeptidesaremorepotentacti-
vators of KiSS1R than decapeptides in ﬁsh and X. tropicalis (Lee
etal.,2009).Thus,fornon-mammalianKiSS1genes,pyroglutamy-
lated pentadecapeptides are likely the most potent endogenous
forms.
The family of the KiSS2 decapeptides exhibits conserved Phe-
amidationattheC-terminus,butaminoacidsatpositions1,3,and
5 differ from the corresponding residues in the KiSS1 decapep-
tide. Furthermore, the presence of a conserved basic amino acid
three amino acids upstream of the decapeptide suggests that the
mature peptide produced from KiSS2 is 12-amino acid long (Lee
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et al., 2009). The KiSS2 dodecapeptide has been detected in the
Xenopuslaevis brainusingimmunoafﬁnitypuriﬁcation(Leeetal.,
2009).Indeed,theKiSS2dodecapeptidesfromzebraﬁshandXeno-
pus are highly potent activators of KiSS2R expressed in CV-1 cells
(Lee et al., 2009). Although some cross-reactivity exists between
peptides and receptors, each peptide isoform exhibits relatively
high afﬁnity toward its own receptor (Lee et al., 2009), suggesting
that KiSS peptides and receptors coevolved to retain high ligand–
receptor selectivity. However, the molecular determinants that
confer such differential ligand–receptor selectivity remain poorly
understood in the KiSS system.
LIGAND–RECEPTOR SELECTIVITY IN THE GnRH–GnRHR SYSTEM
The amino acid sequence of GnRH1 ([Tyr5,L e u 7,A r g 8] GnRH)
orthologs varies by one or two amino acids at positions 5 and 8
(Powell et al., 1994; Yoo et al., 2000). The GnRH2 ([His5,T r p 7,
Tyr8] GnRH) sequence is fully conserved in almost all vertebrates
and differs from GnRH1 by amino acids at positions 5, 7, and 8
(Fernald and White, 1999). GnRH3 ([Tyr5,T r p 7,L e u 8] GnRH) is
foundonlyinﬁshspecies(Powelletal.,1994).Eachformof GnRH
exhibitsadistinctafﬁnityfordifferentGnRHRforms.Forinstance,
GnRH1 generally has a high afﬁnity toward GnRHRm1 but rel-
atively low afﬁnity for GnRHRm2 and other non-mammalian
GnRHRs. In contrast,GnRH2 has low afﬁnity for GnRHRm1 but
high afﬁnity for other GnRHR forms.
Moleculardeterminantsconferringsuchligand–receptorselec-
tivity have been relatively well deﬁned in the GnRH1 and
GnRHRm1 system. For instance, the residues in GnRHRm1 (i.e.,
Asp98,A s n 102,L y s 121,A s n 212,T r p 280,T r p 289, and Tyr290) that
are required for binding to GnRH1 have been identiﬁed using
mutagenesis and computational modeling (Millar et al., 2004).
Interestingly, these residues are similarly conserved in GnRHRn1,
n2, and n3/m2 (Millar et al., 2001; Wang et al., 2001). Thus,
theseresiduesmaynotconferdifferentialligandselectivitytoward
GnRH1 or GnRH2, but instead are important for the overall
ligand–receptor interaction and receptor conformation. In fact,
high afﬁnity binding between GnRH1 and GnRHRm1 has been
explained by a Ser–Glu/Asp–Pro (SE/DP) motif in extracellular
loop 3 (ECL3) of the receptor (Flanagan et al., 1994; Fromme
et al., 2001). The positions of Ser and Pro in this motif are
known to permit electrostatic interaction with Arg8 of GnRH1
and Glu/Asp in the SE/DP motif (Wang et al., 2004). Thus, alter-
ing the Ser and Pro positions (e.g., Pro–Glu–Ser) in GnRHRm1
increased afﬁnity for GnRH2 but reduced afﬁnity for GnRH1.
Similarly, mutating a Ser–Gln–Ser (SQS) motif to SEP in bull-
frog type-I GnRHR (ortholog of GnRHRn1) increased GnRH2
afﬁnity and decreased GnRH1 afﬁnity (Wang et al., 2004). For
the green monkey type-II GnRHR (ortholog of GnRHRn3/m2),
multiple residues in ECL3 and transmembrane domain 7 are
involved in discriminating between GnRH2 and GnRH1 (Li et al.,
2005). Tello et al. (2008) recently demonstrated that zebraﬁsh
GnRHR4 (ortholog of GnRHRn1) and GnRHR2 (ortholog of
GnRHRn2) exhibit high afﬁnity for both GnRH2 and GnRH3.
However, the motifs responsible for such a high afﬁnity bind-
ing between these receptors and GnRH3 need to be further
clariﬁed.
IS A GENETIC ORTHOLOG A FUNCTIONAL ORTHOLOG?
NEOFUNCTIONALIZATION, SUBFUNCTIONALIZATION, AND
DYSFUNCTIONALIZATION OF PARALOGS
In mammals, GnRH1 and GnRHRm1 are critical for the onset of
puberty and control of reproductive functions. GnRH1-induced
activation of the HPG axis is regulated by feedback action from
steroid hormones secreted by the gonad. Recently, KiSS1 neurons
inthehypothalamusweresuggestedtomediatethissteroidaction.
KiSS1 neurons are largely distributed in the steroid receptor-
enrichedAPVN of the anterior hypothalamic region and theARC
in the mediobasal hypothalamic region (Kinoshita et al., 2005).
The APVN is a potential positive feedback action site for estrogen
tocontroltheGnRH1surge,whereastheARCisanimportantneg-
ative feedback action area for estrogen to control pulsatile GnRH
release (Ohkura et al., 2009).
Althoughthefunctionof theKiSS/GnRHsysteminthecontrol
of theHPGaxisishighlyconservedacrossvertebratespecies,there
are many examples of KiSS1/GnRH1 paralogs,and not orthologs,
functioning in this capacity (Figure 3). In zebraﬁsh, KiSS1 and
its receptor KiSS1R are predominantly expressed in the habe-
nula rather than in the hypothalamic area, whereas KiSS2 and
KiSS2R are largely distributed in the hypothalamic area (Kita-
hashi et al., 2009; Servili et al., 2011). This observation suggests
that KiSS2 and KiSS2R may be involved in HPG axis regulation.
In this species, the KiSS2 peptide is more potent than the KiSS1
peptide at stimulating transcription of GnRH and gonadotropin
genes. Furthermore, KiSS2 expression is more sensitive to estro-
gen feedback than KiSS1 expression (Kitahashi et al.,2009; Servili
et al.,2011). Thus,in zebraﬁsh,the functional homologs of mam-
malian KiSS1 and KiSS1R are likely KiSS2 and KiSS2R (Figure3).
With regard to HPG axis control, zebraﬁsh lacks GnRH1, sug-
gesting that GnRH3 may substitute for this function of GnRH1
(Kah et al., 2007). Salmon species lack GnRH1, whereas catﬁsh
and eel lack GnRH3. Because GnRH1 and GnRH3 neurons are
both located in the hypothalamus, it is likely that the two com-
plement one another in these species, so that GnRH3 replaces the
function of GnRH1 when the latter is lost (e.g., Cypriniformes
and most Salmoniformes) and vice versa when GnRH3 is lost
(e.g., catﬁsh and eel; Kah et al., 2007; Okubo and Nagahama,
2008).
Some ﬁsh species, such as stickleback and torafugu, and a
reptilian species, the anole lizard, lack KiSS1/KiSS1R. Therefore,
KiSS2/KiSS2R in these species may function in a homologous
manner to that of mammalian KiSS1/KiSS1R.I nXenopus, KiSS2-
expressing neurons are found in the preoptic area and ventrome-
dial hypothalamus, and they send their axons to the median emi-
nence. On the other hand, KiSS1-expressing neurons are present
only in the ventromedial hypothalamus (Lee et al., 2009). Thus,
bothKiSS1andKiSS2arelikelyinvolvedinthecontrolof theHPG
axis in this species, with each gene exerting differential control
of the GnRH surge and GnRH pulsatile release (Figure 3). Such
dual activity suggests the subfunctionalization of KiSS1 and KiSS2
after gene duplication from the ancestral parents. In zebraﬁsh and
medaka, KiSS1 and KiSS1R are highly expressed in the habenula,
which is not observed in mammals (Kitahashi et al., 2009; Servili
etal.,2011),suggestingbothgeneshavebecomeneofunctionalized
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FIGURE3|P r oposed hypothalamo-pituitary function of GnRH/KiSS and
their receptor isoforms in representative vertebrate species. In rodents,
KiSS1 neurons in the preoptic area (POA) and ventromedial hypothalamus
(VH) control GnRH1 neuronal activity through KiSS1R. GnRH1 action is
mediated by GnRHRm1 in the pituitary. In zebraﬁsh, KiSS2 and KiSS2R may
be involved in the regulation of GnRH3 neuron in the hypothalamus. KiSS1
and GnRH2 may conduct extrahypothalamic functions through KiSS1R and
GnRHRs. GnRH3 action on the pituitary is likely mediated by GnRHRn1 and
n2 forms that have relatively high afﬁnity for GnRH3. In Xenopus, both KiSS1
and KiSS2 are likely involved in HPG axis control. Function of KiSS1b and
KiSS1bR has not been demonstrated.The GnRHRn1 form in the pituitary may
interact with GnRH1 to mediate hypothalamo-pituitary control.
inthesespecies.Alternatively,KiSS1andKiSS1R mayhavebecome
dysfunctionalized in the habenula of mammals.
Interestingly, GnRH1 was not a preferred ligand for any of
the non-mammalian GnRHRs, and non-mammalian orthologs
of GnRHRm1 have not been deﬁnitively identiﬁed (Kim et al.,
2011). Thus, it has been unclear which isoform of GnRHR is
utilized for GnRH1 action in the pituitary of non-mammalian
species.Although non-mammalian GnRHRs generally have lower
afﬁnity for GnRH1 than GnRH2, some such as bullfrog GnRHR1
(GnRHRn1) and zebraﬁsh GnRHR4 (GnRHRn1) exhibit rela-
tively high afﬁnity for GnRH1. Interestingly, bullfrog GnRHR1 is
exclusivelyexpressedinthepituitary(Wangetal.,2001;Telloetal.,
2008),suggestingitmayinteractwithGnRH1tomediateHPGaxis
control. In zebraﬁsh,GnRHR2 (GnRHRn2) and GnRHR4 exhibit
ahighafﬁnityforGnRH3(Telloetal.,2008).ConsideringGnRH1
is absent in zebraﬁsh, GnRH3 may function like GnRH1 in HPG
axis control (Figure 3).
The absence of any KiSS and KiSSR genes in birds raises a fun-
damental question about the importance of KiSS/KiSSR signaling
invertebratesexualdevelopmentandreproduction.Arecentﬁnd-
ing that ablation of either KiSS1- or KiSS1R-expressing neurons
in early development results in the normal onset of puberty in
mice suggests these genes may not be required for this activity
(Mayer and Boehm,2011). However,acute ablation of KiSS1- but
not KiSSR-expressing cells in adult mice caused an absence of
the estrous cycle (Mayer and Boehm, 2011). These observations
suggest that KiSS/KiSSR signaling is not the sole system inducing
puberty,andthatacomplementarysystemcanbeestablishedinthe
absence of KiSS1- or KiSSR-expressing cells during puberty. Such
a complementary system cannot be established, however, when
KiSS1-expressing cells are ablated in the adult period. Whether
a complementary system replaces KiSS function in birds needs
to be further investigated. The lack of any KiSS/KiSSR genes in
chicken and zebra ﬁnch indicates that the KiSS/KiSSR system may
be completely dysfunctionalized in birds.
CONCLUSION
The function of GnRH and GnRHR is critical for sexual matu-
ration and reproduction. The existence of GnRH- and GnRHR-
like molecules in early vertebrates and invertebrates tells us that
regulation of reproduction is highly conserved in animal phyla
(Tello and Sherwood, 2009; Lindemans et al., 2011). Further,
comparative analyzes of ligand–receptor interaction among vari-
ous forms of GnRH and GnRHR provide insights into how this
ligand–receptor pair coevolved in invertebrates and vertebrates
(Tello and Sherwood, 2009). In vertebrates, chromosome/gene
duplications have generated multiple paralogous isoforms of
GnRH and GnRHR. The presence of lamprey-speciﬁc GnRH-
I and -III (GnRH4 group), however, reveals more complicated
evolutionary scenario of the GnRH gene during early verte-
brate evolution (Silver et al., 2004; Kavanaugh et al., 2008). This
issue will be further disclosed when genome data of Agnathan
and Chondrichthyan species are available. The occurrence of
multiple KiSS and KiSSR isoforms has made the regulation of
sexual maturation and reproduction in vertebrates even more
diverse and complex. Although the amino acid sequences in
GnRH and KiSS paralogs have diverged, accompanying amino
acid changes have occurred in the cognate receptors, thereby
maintaining high selectivity of the ligand–receptor interaction.
Some paralogous isoforms acquired a new function, whereas
others preserved the ancestral one. In other cases, each paral-
ogous isoform took on a distinct subset of the ancestral func-
tions, complementing each other to fulﬁll the ancestral func-
tion. Finally, some paralogs have been functionally lost, becom-
ing pseudogenes or disappearing completely from the genome.
Thus, after duplications of the KiSS and GnRH systems in
early vertebrates, the paralogs of KiSS/KiSSR and GnRH/GnRHR
became neofunctionalized, subfunctionalized, or dysfunction-
alized, and the function related to regulation of reproduc-
tion was adopted by either of the KiSS/GnRH isoforms during
evolution.
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